Introduction
peaks, of which 30,813 (93% of H3K4me3 peaks) overlapped ( Figure 1D) , showing substantial 145 co-localization of these chromatin marks.
146
H3K4me3 and H2A.Z abundance have distinct correlations with gene expression in rice
147
To compare H3K4me3 abundance with gene expression, we analyzed our previously 148 obtained RNA-seq data (Zahraeifard et al., 2018) from shoot tissues of 36-day rice seedlings 149 (Supplemental Table S1 ). PCG were ranked according to FPKM and divided into five expression 150 quintiles, as well as a sixth group of genes that were not expressed (i.e. FPKM = 0). We found a 151 clear, positive correlation between transcript abundance and H3K4me3 localization around the 152 TSS (Figure 2A,B) , consistent with studies from a variety of species (Bernstein et al., 2002 , 153 Santos-Rosa et al., 2002 , Barski et al., 2007 , Zhang et al., 2009 , Van Dijk et al., 2010 . In contrast, 154 transcript abundance exhibited a general negative correlation with TES-and gene body-localized 155 H3K4me3 (Figure 2A,B) . Genes exhibiting no expression were severely depleted in H3K4me3 at 156 the TSS, but had a moderate level of gene-body H3K4me3. Next, we compared the correlation 157 between H3K4me3 abundance and gene expression with that of H2A.Z (Zahraeifard et al., Table S1 ). As shown in Supplemental Figure S2 , Pi-deficiency altered 168 H3K4me3 distribution at PCG, such that the prominent 5' peak was reduced. These data along 169 with our prior studies (Zahraeifard et al., 2018 , Zhang et al., 2018 indicate that nucleosome It is becoming increasingly clear that examining multiple chromatin marks simultaneously 175 provides a more robust picture of the dynamic chromatin structure linked to various developmental 176 processes and responses to stimuli (Pan et al., 2017 , Yan et al., 2019 . Therefore, we integrated 177 our H3K4me3 ChIP-Seq, H2A.Z ChIP-Seq (Zahraeifard et al., 2018) and MNase-Seq data sets 178 (Zhang et al., 2018) to define distinct chromatin states using ChromHMM (Ernst and Kellis, 2012) .
179
ChromHMM employs a multivariate Hidden Markov Model that scores the presence or absence 180 of each chromatin mark to determine the major recurring combinatorial and spatial patterns of 181 marks, i.e. chromatin states. ChromHMM identified five chromatin states (CS), each 182 distinguishable from the others by differential enrichment of one or more of the marks tested 183 ( Figure 3A ). CS1 and CS2 were each deficient in both H2A.Z and H3K4me3, CS3 was enriched 184 in only H2A.Z, CS4 was enriched in both H2A.Z and H3K4me3, and CS5 was enriched in only 185 H3K4me3. Regarding nucleosome density, CS2 and CS3 had moderately higher nucleosome 186 enrichment compared to the other 3 states. Next we mapped the distribution of the five chromatin 187 states across the genome, which revealed biases with a number of genomic features (Figure 3B, D) . Figure 3B ). Compared to all bins within PCG, the TSS was more enriched 199 in CS4, CS5, and CS3, whereas the TES was more enriched in CS3 and less enriched in CS4.
188
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These results indicate for PCGs generally an overall high occupancy of H2A.Z and/or H3K4me3 201 at the TSS, but an enrichment of only H2A.Z at the TES.
202
Pi starvation has a dramatic impact on chromatin structure
203
To characterize the impact of Pi starvation on chromatin structure we compared the 204 distribution of chromatin states between control and Pi-deficiency (-Pi) conditions. First we 205 measured the genome-wide coverage changes for each chromatin state by calculating the fold 206 change in the total number of genomic bins in the -Pi sample relative to the control. As shown in
207
Supplemental Figure S3 , the -Pi sample had 2.1-fold more CS3 and 1.4-fold less CS4 compared 208 to control. This suggested a global increase of H2A.Z and/or decrease of H3K4me3. Next we 209 analyzed the enrichment of each chromatin state within the four gene types ( Figure 3C ,D). In 210 response to Pi starvation, TE and TEG increased in CS1, but decreased in CS2 and CS5, consistent 211 with a loss of H3K4me3. On the other hand, PSG and PCG did not exhibit any major shifts overall 212 in response to Pi deficiency, but at the TSS of PCG, CS4 decreased and CS5 increased. Also, at 213 the TES proximal region of PCG, CS4 decreased and CS3 increased. Together this reveals an 214 overall trend whereby, at PCG, Pi deficiency leads to decreased H2A.Z at the TSS and decreased 215 H3K4me3 near the TES.
216
To examine the chromatin state transitions of PCG in more detail, we compared the 217 chromatin state of each PCG at its TSS (i.e. the 200-bp bin containing the TSS) in control and -Pi 218 samples ( Figure 4 ). Over 40 % of PCG exhibited a transition at their TSS in response to Pi 219 starvation. The largest groups of transitions were CS4 to CS3 (n = 4,088), CS4 to CS5 (n = 2,355), 220 and CS5 to CS1 (n = 2,496). Gene Ontology (GO) enrichment analysis showed significantly 221 enriched GO terms (FDR < 0.05) for eight of the transition groups (Supplemental Dataset 2).
222
Because of the inherent redundancy of GO term enrichment analysis, we used GOMCL (Wang et   223 al., in review) to enhance the functional annotations of the enriched GO terms for the three largest 224 groups of CS transitions. GOMCL employs Markov Clustering to identify clusters of GO terms 225 based on the proportion of overlap among terms. As shown in Figure 4 , the enriched GO terms for 226 CS4-CS3 genes fell into five GOMCL clusters, including transcription factor activity, response to 227 endogenous stimulus, cell wall, oxygen binding, and response to extracellular stimulus. In contrast,
228
CS4-CS5 genes were enriched in GO terms defined by nine GOMCL clusters, which among other Figure S4 ) showed that CS5-CS1 genes were approximately four times more 235 likely than random to exhibit a CS4-CS5 transition in the bin downstream of the TSS (p-value < 236 0.001). Similarly, the CS4-CS5 genes were 3.5-fold more likely to contain a CS5-CS1 transition 237 upstream of the TSS (p-value < 0.001). In contrast, CS5-CS1 genes with a CS4-CS5 upstream bin, 238 and CS4-CS5 genes with a CS5-CS1 downstream bin were similar to random or under-represented, 239 respectively. Thus, the identification of subgroups of functionally similar genes with CS5-CS1 and 240 CS4-CS5 transitions at their TSS is reflective of these genes containing a specific pair of transitions 241 (CS5-CS1 + CS4-CS5, 5'-3') at the TSS.
242
Chromatin state transitions correlate with differential expression of Pi deficiency-responsive Table S2 ,
252
Supplemental Figure S5B ,C). Although lipid metabolism was overrepresented in both groups of 253 DEGs, genes linked to carotenoid biosynthesis and alpha-Linolenic acid metabolism were among 254 the up-regulated DEGs, whereas cutin, suberin, and wax biosynthesis were among the down-255 regulated DEGs. Overall, the functional categories of these DEGs were similar to those from 256 previous transcriptome studies of Pi-deficient plants (Thibaud et al., 2010 , Cai et al., 2013 , Secco 257 et al., 2013 , Zahraeifard et al., 2018 .
258
To determine whether any chromatin state transitions were over-or under-represented 259 among the DEGs, we quantified the significance of overlap via bootstrapping analyses (1000 260 iterations; binomial test, p-value < 0.001; Figure 5 ). These analyses revealed several significant to test whether our CS5-CS1 and CS4-CS5 genes were enriched among those DEGs. Indeed, both 281 CS5-CS1 and CS4-CS5 groups were enriched (p-value < 0.01) among genes down-regulated by 282 long-term Pi deficiency (Supplemental Figure S6 ). This suggests that the chromatin dynamics 283 observed at these genes after 24 hours of Pi starvation is a prelude to decreased transcript 284 abundance not observable until after a longer duration of Pi deficiency.
285
In addition to the biases between DEGs and chromatin state transitions, there were also 286 biases to groups of genes that did not transition ( Figure 5 ). Both up-and down-regulated DEGs 287 were significantly enriched among CS3 genes that did not transition (i.e. CS3-CS3), and were 288 under-represented among CS1-CS1 and CS5-CS5 genes. Furthermore, up-regulated DEGs were 289 enriched among CS4-CS4 genes and under-represented among CS2-CS2 genes. These results
290
show that responsive genes are likely to contain H2A.Z, which is consistent with previous reports 291 (Coleman- Derr and Zilberman, 2012, Zahraeifard et al., 2018) . Taken together, these biases 292 demonstrate that specific chromatin dynamics at the TSS are linked to subsets of genes 293 differentially expressed by Pi starvation.
294
Differentially-expressed genes exhibiting a CS4 to CS3 chromatin transition suggest a 295 coordinated Pi-deficiency regulatory network targeting the apoplast 
327
(S1P) activity also play roles in RALF/FER signaling (Stegmann et al., 2017 , Feng et al., 2018 .
328
Notably, our CS4-CS3 DEG list also contains genes encoding six RALF peptides (out of 14;
329
(Campbell and Turner, 2017) an LRX, several Ca2+ transport-related components (e.g. Ca2+
330
ATPase and calmodulin), and two S1P proteases (Supplemental Dataset 4) . In addition to the Figure 6 ). These genes tend to be more highly expressed during control 418 conditions than CS3 genes, and therefore have a stronger requirement for H3K4me3 for basal 419 expression. In response to Pi starvation, the combined loss of H2A.Z and H3K4me3 may reflect 420 some dependence of H3K4me3 on H2A.Z at these genes, similar to how H2A.Z was suggested to 421 facilitate H3K4me3 deposition at two miR156-encoding genes in Arabidopsis (Xu et al., 2018) .
422
Among the gene groups that exhibit chromatin state transitions, the CS4-CS3 group 423 contains the largest number of genes, and is characterized by a loss of H3K4me3, but maintenance activation, whereas H3K27me3 maintains the genes in a repressed state (Bernstein et al., 2006) . A 441 recent study in potato tuber found an association between genes containing the bivalent H3K4me3 442 and H3K27me3 marks and differential expression in response to cold stress (Zeng et al., 2019) .
443
Interestingly, the bivalent mark was enriched among up-regulated genes linked to stress responses, as well as down-regulated genes linked to developmental processes. The authors proposed that the 445 bivalent H3K4me3-H3K27me3 domain confers greater accessibility to regulatory proteins that can abiotic (e.g. salinity and heat) stressors also showed high similarity to our CS4-CS3 DEG profile, 477 suggesting the apparent apoplastic signaling network overlaps with multiple stressors. Our CS4-
478
CS3 DEG list contains many orthologs of Arabidopsis components involved in salinity stress 479 responses, including FER, LRX, RALF (Zhao et al., 2018) . It is of interest to evaluate whether the 480 rice orthologs exhibit similar functions in response to stressors including salinity and Pi starvation.
481
A distinct pair of chromatin state transitions may poise translation-related genes for 482 repression 483
Following the CS4-CS3 gene group, the transitions with the most genes were the CS5-CS1 484 and CS4-CS5 transitions, which were enriched with similar functional categories of genes 485 including those related to translation, particularly a number of ribosomal protein genes (Figure 4) .
486
Examination of the two bins adjacent to the TSS revealed that a number of these genes contained 487 both transitions with the CS5-CS1 transition immediately upstream of the CS4-CS5 transition. Our 488 bootstrapping results showed that these genes are not enriched among our DEGs. On the contrary, 489 the CS4-CS5 subgroup are under-represented among down-regulated DEGs (Figure 6) .
490
Interestingly, a group of genes shown in a previous study (Secco et al., 2013) to be down-regulated 491 after 21 days of Pi deficiency were enriched among our CS5-CS1/CS4-CS5 genes (Supplemental 492 Figure S6 ). This might indicate that 24 hours of Pi deficiency is sufficient to observe chromatin 493 dynamics at these genes without observing a corresponding, detectable decline in transcript 494 abundance. We propose that the sequential CS5-CS1 and CS4-CS5 transitions observed at the TSS 495 reflect genes under control conditions that contain low H2A.Z and high H3K4me3 in the -1 496 nucleosome and high levels of both marks in the +1 nucleosome. Pi starvation, then, results in a 497 moderate loss of nucleosome occupancy at both the +1 and -1 nucleosomes, and specific removal 498 of H3K4me3 from the -1 nucleosome and H2A.Z from the +1 nucleosome. In yeast, Spp1 determined, was selected as the chromatin state for that bin. For gene type partition, the most dominant gene type, in base pair, was used as the bin type for each bin. Chromatin states, 595 differential expression status, bin types for the merged bins were determined using customized 596 scripts and visualized with an R package circlize (Gu et al., 2014) . 
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